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Absfract-A historical development of mechauical and electronic ditrerential analyzers as well as the significant developments in simulation techniques are discussed. Preaent-day application of modern analog and hybrid computers to electric power systems are presented. Included are the simulation of electric machines, static converter drives, transmission lines, and dc power systems. Spedalpurpose analog and hybrid computers are also disarmed briefly. The material presented in this paper should enable an informed evaluation of the capabilities of analog and hybrid Computers in the analysis of power system problems.
I. INTRODUCTION
HE DIGITAL COMPUTER is used extensively in the analysis and control of electric power systems. Load Bow and transient stability studies, on-line monitoring and control are but a few of many applications. Within the last 15 years, the digital computer has completely supplanted the network calculator as a computing tool. In more recent years, the digital computer has frequently been used to perform switching surge studies also replacing to some extent the transient network analyzer. There is an extensive and ever continuing effort to improve and expand the capabilities and applications of the digital computer.
In the 1930's the mechanical differential analyzer, the forerunner of the present-day analog computer, was used to study the dynamics of power systems. This type of computer (analog computer) offered the capability of parallel integration, an advantage which it still maintains over the digital computer. Following the advent of the digital computer the development of analog-to-digital and digital-to-analog conversion techniques permitted communication between the two computers. Hence in the mid-1960's the modern hybrid computer emerged consisting basically of an analog computer interfaced to a digital computer by means of digital-to-analog and analog-to-digital conversion units. Clearly, this combination permits the computational advantages of both computers to be realized and applied to a specific problem.
In this paper the evolution of the analog and hybrid computers is discussed with particular reference to their use in power system studies. The discussion is supported by a substantial bibliography. Next, example applications of the analog and hybrid computers to power system problems are given including electric machines, static converter drives, transmission lines, and dc power systems. In each case representative recordings o f computer studies are given. Finally, a brief dis cussion of special-purpose analog and hybrid computers is presented. The information provided should serve to focus attention upon the computational facility offered by analog and hybrid computers.
11. HISTORICAL PERSPECTIVE I t was nearly 100 years ago that James Thomson presented his classic paper "On an integrating machine having a new kinematic principle"
[l]. Professor Thomson conceived an integrating machine comprised of a ball, disk, and cylinder which was capable of integration without the troublesome slippage problem which had plagued previous inventors. The importance of Thomson's machine was instantly recognized by his brother Lord Kelvin who proposed use of the integrator to solve nonlinear differential equations [2] . Although an iterative approach was originally proposed, Lord Kelvin was surprised to find that these equations could be solved implicitly in a single process by connecting the output of the last integrator back to the input of the first. Hence Lord Kelvin discovered the basic principle behind what was later to be called simulation. However, his idea languished for 50 years largely because of the lack of a precision variable-speed motor needed to drive the numerous mechanical .linkages.
The modern era of simulation had its beginnings largely through the efforts of Dr. Vannevar Bush. Nearly 50 years ago Bush and Booth proposed a general approach to solving power system transients involving integration of the system differential equations rather than by use of arcle diagrams or various other graphical and algebraic methods [SI. The solution method discussed in the paper consisted of a finite increment method requiring hand computation. Prompted by the importance of this problem to the power industry and recognizing the need for machine-aided computation, an effort was launched a t M.I.T. under the direction of Dr. Bush to develop a practical integrating machine. In 1927 a device called the integraph was described which realized continuous integration by a principle related to that of the watthour meter [4]. In the same year, Dr. Bush described how this device could be used to solve differential equations [SI. The possibility of a machine solution for the differential equations describing physical systems became a reality. Within a year Bush's integraph was used in the analysis of the pulsating torques of a synchronous motor-compressor set [6]. After continuous improvements the device was, in 1931, christened the differential analyzer [7] . The differential analyzer of this era contained all the elements of a modern-day analog computer including summers, integrators, multipliers, and function generators. By 1940, differential analyzers had been constructed at the University of Pennsylvania, as well as England, Ireland, and Germany [8] . Of particular interest is a paper by Kuehni and Peterson who describe the construction of a differential analyzer installed at the General Electric Company in 1944 [8] . This analyzer, which successfully utilized feedback by means of polarized light to a servo-operated torque amplifier, was used for many of the early studies in power system simulation. Before 1937, application of the differential analyzer to power systems was limited primarily to the synchronizing phenomena of synchronous machines, then, as now, an important aspect of power system design. The approaches invariably taken in those early days were various modifications of the swing equation. Of special note, however, is the 1935 paper by Shoults, Crary, and Lauder which describes the first attempt to simulate Park's equations for a synchronous machine [9] . In this paper the terms were introduced into the simulation by operators manipulating hand cranks thereby constituting an educated type of differentiation. After 1937 until the end of World War I1 the differential analyzer began to be applied to an increasingly wide range of power systems problems. Of special note is the first simulation of transmission line transients by Hartree and Porter in which time delay was introduced by visually observing an output variable and reintroducing the function a fixed time delay later by adjusting hand cranks [lo] . The first investigation of induction motor transients was reported during this time by Gilfillan and Kaplan [ll] . The first study of tie-line control was conducted by Concordia, Crary, and Parker [12] , and the first simulation of transformers w& reported by Concordia, Weygant, and Shott [IS] . In 1944, Maginniss and Schultz achieved a milestone in reporting the first simulation of Stanley's equations for an ac induction motor [14] . The corresponding simulation of Park's equations for a synchronous machine was not to appear for twelve years.
Shortly after World War 11, the digital computer made its entry when it was used in the solution of a power system load flow problem [IS] . Eight years were to pass, however, before the digital computer was applied to the solution of power system transients [16] . Developments were also occurring at this time in analog computation. In 1938, G. Philbrick developed a hard-wired electronic analog computer using ac coupled amplifiers to simulate a process control system. Unfortunately, his early work went undocumented in the literature. Ragazzini, Randall, and Russell were generally credited with providing the impetus which resulted in the development of electronic differential analyzers (analog computers).
In a 1947 paper they describe use of a dc coupled amplifier to realize integration, summation, and differentiation and discuss its application in simulating a number of practical problems [I?]. Within five years, a number of companies were manufacturing analog computers. Fig. 2 shows a GAP/R electronic analog computer manufactured by G. A. Philbrick Research Co. which represents typical equipment of that era. In a discussion of a paper by Concordia and Kirchmayer, Paynter described the first application of an electronic differential analyzer to an electric power problem; a study of prime mover governor response [IS] . During this period a number of special-purpose analog computers were also constructed to solve specific power system transients. In this regard the effort at Westinghouse is of note [19] .
The era of reliable, precision, analog computation is generally considered to have begun with the appearance of the EA1 31R-, 131R-, and 231R-type computers during the years [1954] [1955] [1956] [1957] [1958] [1959] . During this time the number of published papers in the field rapidly increased from 2-5 to 20 per year. In 1956, Thomas described the first complete simulation of Park's equations for a synchronous machine including the terms which had been neglected up to this point [20] . Lind and Schmitz described the first simulation of a unidirectional element (diode) in 1959 [21] . Gerecke and Badr, in 1962 , were the first to treat the simulation of open circuits in ac machines [22] . In 1963, the first simulation of a rectifier bridge was reported [B] .
The era of hybrid computation began in the second half of the 1960's with the appearance of the Applied Dynamics AD-256-and the EA1 TR48-and 8800-type analog computers interfaced with a digital computer. Fig. 3 shows a representa-tive modern hybrid computer installation comprising an EA1 681 analog computer interfaced with an EA1 pacer digital computer. The combined use of analog and digital capability resulted in many new applications of importance to the power industry. Typical of these new applications is the simulation of traveling-wave phenomena on transmission lines [24]. During the past fifteen years, papers which describe the use of analog or hybrid computers applied to the study of power apparatus have appeared in the literature at the rate of 15-25 per year. Hence it appears that analog and hybrid computers will remain an important analysis tool for some time to come.
TYPICAL APPLICATIONS
There are numerous examples where analog and hybrid computation can be used to advantage compared to an alldigital simulation. While i t is clear that all analog or hybrid computer simulations given in this section may be readily converted to an all-digital simulation, in most cases convenience and computation time must be sacrificed. The parallel integration capability of the analog computer offers speed with accuracy which cannot be equalled with a digital computer. On the other hand, the logic, storage, computation speed, and monitoring capabilities of the digital computer cannot be conveniently handled with an analog computer. Clearly, the combination of the two types of computers, the hybrid computer, forms an extremely powerful tool. In this section four areas of application of the analog or hybrid computer are discussed; electric machines, static converter drives, transmission systems, and dc power systems.
A . Electric Machines
Perhaps the work of Thomas [20] in the early 1950's, while he was with General Electric, forms a cornerstone for many of the simulations of electric machinery used today. Although there have been several modifications of and variations from this method of simulation, it forms the basis for the simulation of synchronous machines in the d-q axis. Moreover, with modifications, the simulation may be used to represent induction machinery [25] , [26] . The analog computer is a particularly convenient tool for solving ac machine equations. However, the same formulation of equations is applicable for digital solution.
Thomas expressed Park's equations in a compact form, convenient for computer simulation with the & terms taken into account. In this formulation, algebraic loops were eliminated by expressing all currents appearing in Park's voltage equations in terms of flux-linkages. Moreover, in order to permit a direct means of accounting for saturation, Thomas chose to express the direct-and quadrature-axis mutual flux-linkages explicitly rather than in terms of the flux-linkages appearing in Park's equations. Although currents are eliminated from the basic simulation, and therefore do not appear as solutions to the differential equations, they can be computed directly from the flux-linkages. If, in power system analysis, Park's equations are used to represent the machines, then the d-q axis of each machine must be related. Furthermore, if.it is desirable to represent the complete system using a d-q axis approach for the purpose of investigating rotor swings a b u t synchronous speed as in a transient stability study, then two methods of simulation can be employed. In one case the rotor position of one machine is considered as reference and all other d-q axes are referred to this d-q axis. In this representation, the transmission lines are generally represented in the d-q axis of one of the connected machines and the change of reference frame speed neglected. A second method is to represent all transmission lines in the synchronously rotating reference frame and then transform from this reference frame to the rotor of each machine at the machine terminals. In this latter representation the angle between machines is not preserved.
In some analyses it maybe advantageous to preserve the actual phase variables (abc variables). For example, in the study of unsymmetrical modes of operation such as unbalanced faults, rectifier-inverter. or cycloconverter systems, single-pole switching, and untranspased transmission systems it is necessary that the phase variables appear in the simulation. In these cases i t is convenient to represent the synchro- and the simulation of a parallel ac and dc power system [28] .
There are numerous examples which serve to demonstrate the facility of the analog computer in synchronous machine studies. The following practical examples are presented: loss of excitation, synchronous machine-converter system, singlepole switching of an untransposed line, and free acceleration of a synchronous machine. The system used to simulate-loss of excitation or loss of field is shown in Fig. 4 . I t consists of two 800-MVA machines connected through identical transformers to a common bus which in turn is connected by a transmission line to a large system (infinite bus). The excitation systems are IEEE Type 1. Each machine is equipped with damper windings in both axes. The reactance between a machine and infinite bus is 0.3 pu.
The response of the system during a loss of excitation on Machine 1 is shown in Fig after loss of excitation. In these studies the input is held constant, prime mover (governor) action is not simulated.
Perhaps one of the more involved simulations is a synchronous machine-converter combination [27]. The response of this type system obtained from an analog simulation is shown in Fig. 7 . Although the system is not shown it consists of a synchronous machine connected through a transformer to a six-pulse converter (phase-controlled rectifier). The machine is equipped with a voltage regulator. The purpose of this study was to determine the effects'of the switching of the converter upon the machine variables. In Fig. 7 , the converter is initially operating as a rectifier without a delay angle. The delay or firing angle of the converter is stepped from zero to 90" with the rectifier current held constant so as to simulate the characteristics of a large inductive load. The following variables are plotted: ua-phase a voltage a t generator terminals, &-phase a generator current, i,-q-axis current, + d-axis current, it,-q-axis damper winding current, +-field current, i c d -a x i s damper winding current, and V r c o nverter output voltage. The notching of the ac voltages as well as the pulsation of the rotor currents are evident.
Single-pole switching is being used In some power systems for purposes of improving transientziimits. Simulation of free acceleration of a synchronous motor from stall constitutes the final example in this section. Although implementation of this problem on the digital computer is not particularly formidable, a solution requires the computation of trigonometric functions at each time step due to Park's transformation. Hence computational speed is limited. On the other hand, the necessary transformations are solved continuously on the analog computer by means of a variable frequency oscillator. In the f r e e acceleration characteristics shown in axes and the field winding is short-circuited. Full line voltage is applied at stall and since the inertia is relatively small the starting period is short. The dip in torque at half speed (Gorges' effect) is evident in Fig. 9 .
In the preceding examples both dq and abc variables were simulated, requiring implementation of Park's transformation. This type of simulation is necessary for the synchronous machine-converter and single-pole switching. However, since pole slipping and free acceleration are balanced modes of operation these could be simulated using a variable-frequency oscillator to generate the sine and cosine of the time-varying rotor angle a t asynchronous speeds. In this case, the simulation could be implemented using only dq variables.
B. Static Converter Drives
An area of application where the analog computer has particular advantages is in the simulation of motor drives supplied from static ac or dc power converters. A static power converter consists basically of solid-state devices, generally thyristors and diodes, arranged so as to produce discrete switching of currents between an input, generally a dc or a three-phase ac supply, and an output. The output of the power converter can be connected to any type of passive load or, when used in a motor drive application, any type of ac or dc machine. When used in conjunction with a rotating machine, power converters can be divided into two classes, those employing natural current commutation (switching) and those using forced commutation. When natural commutation is used, the output current is transferred from thyristor by means of input (source) or output (load) voltages. Typical examples of naturally commutated power converters are thyristor bridges and cydoconverters. Forced commutation, on the other hand, does not rely on the characteristics of the load or source but produces switching action by means of voltage sources internal to the power converter. Power converters which fall into this class include dc choppers and inverters.
Both types of devices are characterized by output voltages having a high harmonic content. In application of these de- vices to motor drives, the effect of these harmonics on motor performance is often of particular concern. The significant harmonics in the motor terminal voltages are typical!y in the range of 6Ck1000 Hz. Since the electromechanical time constant of the motor is on the order of seconds, solution of a single electromechanical transient can involve thousands of incremental time steps if numerical integration is used. On the other hand, the speed of computation using an analog computer for this class of problem is often limited by the electromechanical response of the chart recorder.
An example of a naturally commutated power converter is the ring-connected cycloconverter shown in Fig.   10 [SO].
Three six-pulse thyristor bridge circuits are connected in a delta configuration. The cycloconverter is supplied from three three-phase secondaries of a transformer. The, three secondaries are phase-shifted from each other by an angle a. The bridges are controlled so that only two groups conduct at any one time in order to prevent short-circuit paths. Hence at any instant the cycloconverter operates in an open delta mode. Study of the idealized waveshapes sketched in Fig. 10 demonstrates that when trigger pulses are properly fed to the thyristors, the dc currents in the three bridges can be controlled to add so as to produce ac'currents in the line. Fig. 11 shows a typical recording from an analog computer study of the ring-connected cycloconverter connected to a three-phase induction motor in a n ac drive application. In this study, the induction motor was simulated in the stationary reference frame [ 2 5 ] . Simulation of the cycloconverter elements was adapted from a rectifier bridge simulation [27], [SI] . In the computer recording shown, the cycloconverter output frequency has been set at 10 Hz and the motor loaded to 0.4 pu. The input frequency to the cycloconverter is 60 Hz. The cycloconverter is operated in an uncontrolled mode wherein the thyristor delay angle is modulated in a strict sinusoidal fashion. The bridge currents, in this case, are not shaped by means of feedback. I t is apparent from the trace that a considerable amount of harmonics are present in the line currents. In particular, a second-harmonic component occurs which results in a substantial third-harmonic pulsating torque at the shaft of the induction motor. Because of the 60-Hz harmonics, it often occurs that a bridge which has been gated on, turns off by diode action since the instantaneous voltage across the bridge is not the proper polarity for conduction. In this case, open circuits in the lines of the .motor momentarily occur and the simulation must be arranged to properly represent an open-circuit condition in any motor phase [25]. Of particular interest in this study was the effect a change in the transformer phase shift angle a has in reducing the output harmonics. Such a study is straightforward once the simulation has been mechanized but extremely cumbersome when conducted using hardware. The effect of a on the harmonic content of a particular variable can be immediately verified by sampling the variable with an analog-to-digital converter and computing its harmonics on the digital computer. By use of either voltage or current feedback i t is possible to further reduce the magnitude of the output harmonics. Here again the analog computer is well suited since feedback schemes can be altered at will. The effect of the control on the harmonic structure as well as the system transient response is readily observed.
A typical example of a system employing a forced-commutated power converter is the inverter-induction motor drive shown in Fig. 12 . The commutating circuits internal to the inverter are not shown. In the application considered, power is available from a dc source and is converted to threephase ac in order to supply an induction motor. The frequency of the inverter output voltage is controlled so that the motor operates over the designed range of slip frequencies regardless of its speed. Also, the amplitude of the output voltage must be adjusted as a function of frequency so as to maintain the proper value of flux within the machine. A feedback scheme which achieves these requirements is shown in Fig. 12 .
In order to control the amplitude and frequency of the inverter, a fixed-amplitude triangle wave is compared to a threephase set of variable frequency, variable-amplitude control voltages mechanized from a frequency command signal f . * and amplitude command signal V*. Intersections of the triangle and sine waves produce logic transitions which in turn switch the six thyristors of the inverter.
At low frequencies, the frequency of the triangle wave is fixed and hence is not synchronously tied to the line (com- mand) frequency f.*. However, as the line frequency continues to increase the harmonic components in the output voltage become prohibitively large so that the triangle wave must be synchronized to the sine wave at some.point. The synchronization constant generally occurs at a six or nine times triangle-to-sine frequency ratio but can be any integer. A linear relationship between the amplitude of the control voltage and the fundamental component of t h e inverter output voltage is maintained until the sine-wave control voltage reaches the amplitude of the triangle wave. At this point, a discrete jump occurs when one of the intersections disappears. This jump produces a momentary transient in the current which can cause a system shutdown should it exceed the current switching ability of the inverter. The discrete change in voltage can also cause limit cycle difficulties in the control system.
Among the numerous questions that must be resolved in the design of such a drive which promote the use of simulation include: 1) severity of current transients experienced at the instant of synchronizing the triangle to the sine wave;
2) steady-state currents in the ac line before synchronization;
3) current transients experienced when a sine-triangle intersection disappears (pulse dropout); 4) effect of the dropout on the control system.
Because of the high switching frequency fixed by the triangle wave combined with the low-frequency electromechanical response of the motor, analysis of these effects with a digital computer is again very time consuming. On the other hand, the inverter-motor system tan be implemented on the analog computer with relative ease [32]-[35]. Fig. 13 shows a computer trace taken from a recent study on such a system. The synchronizing and pulse dropout instants can be noted. Harmonic components and peak instantaneous currents in the motor lines are again readily obtained by analog-to-digital sampling.
C. Transmission Systems
The' hybrid computer offers a unique advantage when the system to be simulated is described by differential equations in combination with transport delay. This type of problem emphasizes the principal computation facility of each computer since parallel integration can be performed rapidly, accurately, and continuously on an analog computer while the storage capability of the digital computer offers a direct means of representing transport delay. Moreover, this application of hybrid computing is one in which the two computers are used together in a continuous loop to achieve the problem solution.
Since hybrid computation offers an advantage in simulating dynamic systems involving transport delay, the study of short-term electric transients in transmission systems which occur during faults and switching operations is an appropriate application. Before the early 1960's, simulation of transmission lines was accomplished by either direct physical modeling using sections of lumped circuit elements (Transient Network Analyzer) or by using analog computer components to simulate the differential equations which describe the lumped circuit representation of the transmission line. In the early 1960's, while employed with Allis-Chalmers, Dr. Thomas used an analog computer in conjunction with a special-purpose transport delay simulator to study traveling waves on transmission lines. In this simulation, the equations describing the terminations (reflection coefficients were not used) and the necessary transformations between-phase and mode variables were implemented on the analog computer. The transport delay was used to represent the delay associated with the transmission line. By an arrangement of switches and capacitors the transport delay unit provided means of sampling and storing the instantaneous analog voltages and returning stored voltages back to the analog computer. Unfortunately, Thomas' The simulation techniques employed by Thomas were first adapted for hybrid computation in the study of a dc power system [37], [38] . Later the hybrid computer techniques for simulating transposed and untransposed multiphase transmission systems with any terminations whatsoever were reported [39]. These simulation techniques are valid for a distortionless or lossless transposed line. However, an untransposed line must be considered as a lossless line. In order to modify these representations for the purpose of more closely approximating a n actual line, one-half of the attenuation of a distortionless line can be used. Another approach is to lump the line resistance at the terminals and perhaps at one or two points on the line between lossless sections. In many cases, these approximations have been shown to be sufficiently accurate for switching surge studies.
Since the "modified" distortionless or lossless representations are often adequate and since techniques necessary to account for distortion and frequency-dependent parameters by fast computational methods will probably be realized by further modifications of these representations, the distortionless or lossless lines serve as appropriate examples illustrating hybrid computer techniques in transmission systems If the line is transposed the mode voltages are the a, j3, and 0 components and the eigenvector matrices which relate the phase variables to mode variables are Clarke's equations. Each mode variable is expressed as two components which propagate in opposite directions on the transmission system. The solution of a transposed distortionless line consists of a time delay and attenuation. In the case of the untransposed line the eigenvector matrices differ slightly from the a, j3, 0 transformation and all modes travel at different velocities of propagation. Moreover, the solution for the untransposed lossless line is a pure time delay and the eigenvector matrices are real. In this example, the performance of an untransposed line as approximated by assuming the line is lossless for the purposes of computing the eigenvector matrices and losses (attenuation) are then lumped at the terminals and the fault locations.
Since, in this example, the eigenvector is real it may be readily performed on the digital computer. Hence, the phase voltages are computed digitally from-the mode voltages and transferred periodically from the digital to the analog computer by means of digital-to-analog converters (DAC). On the analog computer these phase voltages become inputs to the analog simulation of the differential and algebraic equations describing the termination with phase currents as solutions. The waveforms of the currents, which are continuous, are sampled periodically and the instantaneous values of the currents are transferred from the analog to the digital computer by means of analog-to-digital converters (ADC)..The phase currents at the left terminal along with the component voltages incident to the left terminal (vector V m~~-) and the surge impedance determine the component voltages reflected from the left terminal ( V,,LT+) . In this example, the computa- tion is done digitally. A similar computation is performed for the right terminal. The reflected component voltages, Vrn/;~+ and Vmm-are placed in a stack in the digital computer and stored until the time has elapsed corresponding to an arbitrarily selected fault location. If a fault does not exist, the components reflected from the right of the fault (V,,,~pf) are set equal, respectively, to the components incident on the left of the fault ( V m~p + ) .
Likewise, Vrn/;p-is replaced with Vm~p-. If a fault exists, the component voltages are related by the voltage equations describing the fault. If these equations are algebraic, as in this example, then a digital representation is appropriate. T o represent arcing or integration i t may be necessary to simulate the fault on the analog computer and employ DAC and ADC to transform information between computers.
The sample period or the time between data transfer between the analog and digital computers as well as the timescale change used on the analog computer are imprktant and related quantities in a hybrid computer simulation. The shortest possible time between samples is determined by the time required to perform the computation within the digital and to transfer those data to and from the digital computer. In this regard it may be desirable to implement the transformation and computation of reflected voltages on the analog computer for the purpose of reducing the digital computation time. In this case the component voltages would be transferred between computers by DAC and ADC.
Once the time required for the digital computation is determined, which in turn fixes the sampling rate, it is then necessary to determine the number of samples necessary to reproduce the voltages and currents as they are transferred between computers. This in effect establishes the time-scale change necessary on the analog computer. The overall time of computation, however, is determined primarily by the digital computer not the analog. In most problems, computation may be accomplished a t speeds from 50 to 500 times slower than real time.
Results of a hybrid computer study are shown in Figs. 15 and 16. In both cases, a three-phase fault is applied at the midpoint of a 200-mi line. The right terminal is open-circuited and the left termination consists of a balance three-phase source behind balanced series reactances representing the reactance of the generator and transformers. Fig. 15 is for a transposed line; Fig. 16 for a n untransposed line. Prior to the fault the transmission line is operating in the steady state with the right terminal open-circuited. In the case of the transposed line the velocity of propagation of the a and / 3 modes are equal. These velocities are slightly different in the case of the untransposed line. This difference is apparent in Fig. 16 .
D. D C P m e~ Systems
One of the first attempts to simulate the operation of a dc power system is reported in [28]. There a two-machine parallel ac/dc power system was simulated on the analog computer. The machine and six-pulse converters were simulated in the same detail as in Fig. 7 . The ac and dc transmission lines were simulated as single-section lumped parameter models.
Hybrid computer studies of dc power systems are reported in [37] , [38], and [41] . The system studied in [38], which is the most detailed of those cited, is shown in Fig. 17 . Briefly, this system consists of two overhead conductors with con- verters connected at the terminations of this transmission line. The twelve-pulse converters are arranged with a ground terminal between each six-pulse unit and, during normal operation, one pole (one six-pulse unit) is above ground potential while the other terminal operates below ground potential. Each six-pulse converter is equipped with a control system which establishes the firing signal for the six controlled rectifiers. The ac system consists of three-phase voltages at the rectifier (left terminal) and the inverter (right terminal). The transformers are represented by their leakage reactance. The chokes in the dc line are used to suppress the ripple introduced by the switching of the converters.
The simulation involved the techniques described in previous sections. In particular, the ac system, converters, converter controllers, chokes, as well as the transformation and computation of reflected voltages were represented on the analog computer. Hence the component voltages were transferred between computers by DAC and ADC. The digital computer was used to represent the time delay and attenuation of a distortionless transmission line. The fault equations were also represented in the digital computer.
Verification of the hybrid computer simulation was made by comparison with the ac/dc simulator at the University of Wisconsin. During the early 1960's when construction of the present west-coast dc power system was being considered, an ac/dc simulator was built at the University of Wisconsin through joint support of Edison Electric Institute, AllisChalmers Mfg. Co., and the University of Wisconsin. In this simulator or physical model, the converter and converter controllers are modeled directly, while the transmission line is modeled by lumped parameter networks, each representing 20-mi sections.
For purposes of verifying the hybrid computer simulation, the dc system modeled on the ac/dc simulator was simulated on the hybrid computer, and the results of a computer study were compared with those obtained from the simulator. An 800-mi transmission line was used. Figs. 18 and 19 show the recordings of system variables obtained from the ac/dc simulator for a sustained line-to-ground fault on phase a at the midpoint of the 800-mi dc transmission line. Only the variables of the faulted phase are shown. That is, V R~, Vas, I.s, and IF are recorded in Fig. 18 . In Fig. 19 
IV. SPECIAL-PURPOSE ANALOG AND HYBRID COMPUTERS
A survey of the use of analog and hybrid computers in electric power would not be complete without mention of special-purpose analog and hybrid computers. This section is devoted to a brief discussion of the special-purpose computers developed a t Westinghouse Electric Corporation, Electronic Associates Incorporated (EAI), and the work under way at the University of Missouri-Columbia.
The research program at EA1 sponsored by Edison Electric Institute in the late 1960's under research project RP-90 was responsible for some of the early work in this area [42] . EA1 was successful in developing a single-phase simulation of a 5-machine 15-line 12-bus interconnected system. This simufaulted phase 06 inverterac/dc simulator atudy.
lation is capable of solving transient stability problems a t 100 times faster than real time. The simulation is an analog model of the generators with fixed resistors, capacitors, and induc-I t was necessary to approximate the cmverter control of tors used to simulate the lines, loads, and transformers. The An extension of the EAI, RP-90 research project is now tems. Methods are discussed for handling line junctions and being carried out at the University of Missouri-Columbia terminal conditions with more than one line connection.
[44]. As in the case of the simulation built by EAI, this simusettling out of the dc systems, the waveforms obtained from flow computer for the purpose of controlling a part of the lation is used to solve transient stability problems. Analog components are being used to simulate all of the power system components with the digital again being used for monitoring and control purposes.
V. SUMMARY
A survey should present a review of a topic and provide information sufficient to permit an evaluation. Achieving these goals is the purpose of this paper. I t is not possible to discuss all aspects of analog and hybrid computers and their applications to the solution of dynamic problems associated with the electric power area. Hopefully, the typical applications which have been discussed in some detail will not only serve to describe past applications but will also suggest future applications of these types of computers.
I t is known that all analog and hybrid computer simulations may be converted to all-digital simulations. Mindful of this fact and of the availability of large digital computers, many engineers may choose to employ all-digital simulations. In many applications, the hybrid computer may not offer marked advantages over the digital computer in solving dynamic systems problems. However, there are a large number of power system problems which are more conveniently and economically solved on a hybrid computer. The applications cited in this paper fall in this class of problems. I t is clear, however, that the advantages of an analog or hybrid approach over a digital approach are not the same in all problems. For example, the analog computer offers a definite advantage when simulating the switching of a converter, however, an analog simulation of an electric machine does not always offer an appreciable advantage over a digital simulation.
Although it is difficult to ,predict with certainty, there is strong evidence that special-purpose computers may become common in the next decade. The potential of special-purpose analog or hybrid computers in providing a fast transient stability study cannot be discounted. Moreover, there is a definite possibility that in the near future, a special-purpose hybrid computer may offer computational advantages over the transient network analyzer or digital computer in performing switching surge studies.
I t appears that in the near future the analog and hybrid computer will continue to offer computational convenience which can be used to advantage by system engineers and researchers. This paper should serve to call some of these advantages to the attention of persons involved in power system simulation and to serve as a guide for determining the appropriate computer (analog, hybrid, or digital) to be used for a specific problem. 
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